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ABSTRACT 


Isolated  perfused  rat  hearts  released  tritiated  noradrenaline 

3 

(  H-NA)  from  previously  labelled  storage  sites  when  perfused  with  normal 

Krebs-bicarbonate  solution.  Omission  of  calcium  or  the  addition  of  different 

amounts  of  iN^EDTA^isodiumethylenediaminetetraacetate)  to  a  calcium  free 

3 

medium,  elevated  the  efflux  of  H-NA  above  control  levels  obtained  by 

perfusion  with  normal  Krebs-bicarbonate  solution.  The  increased  efflux 

caused  by  perfusion  with  calcium  free,  or  calcium  free  +  Na2EDTA  media, 

could  be  reversed  by  the  addition  of  calcium  and  removal  of  Na^EDTA. 

The  chelating  agent  Na2EDTA  was  observed  to  possess  a  stimulating  action 

3 

on  release  of  °H-NA. 

3 

Stimulation  of  °H-NA  release  above  control  levels  was 

demonstrated  with  excess  potassium  and  with  noradrenaline  (NA).  The 

stimulating  action  of  the  latter  two  agents  was  reduced  when  a  calcium  free 

medium  perfused  the  tissue  before  and  during  stimulation.  Stimulation  by 

excess  potassium  and  NA  was  effective  when  hearts  were  perfused  both 

before  and  during  stimulation  with  media  in  which  calcium  was  replaced  by 

strontium.  Both  a  low  sodium  and  a  high  magnesium  concentration  in  the 

3 

Krebs  media  caused  an  elevation  of  the  efflux  of  H-NA.  Substitution  of 

barium  for  calcium  caused  a  sharp  increase  in  efflux. 

Acetylcholine  caused  a  small  and  approximately  equal 

3 

increase  in  the  rate  of  release  of  H-NA  in  both  normal  and  atropine  treated 


hearts,  although  in  the  former  it  slowed  the  heart  rate  while  in  the  latter  it 
increased  the  rate . 
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INTRODUCTION 


Several  investigators  (Douglas  and  Rubin,  1961b,  Douglas  and 

I  1 

Poisner,  1962,  Boullin,  1965)  have  demonstrated  the  involvement  of  various 
cations  (Na  ,  Ca  ,  Mg  )  in  the  release  of  neurohumors  and  endocrine 
secretions  but  the  intimate  part  played  by  these  cations  in  the  release 
mechanism  is  as  yet  unknown.  Douglas  and  Rubin  have  postulated  that  the 
entry  of  calcium  ion  into  the  chromaffin  cell  is  a  prime  requisite  for  the 
secretion  of  catecholamines  from  the  cat  adrenal  glands  in  response  to  various 
secretogogues  including  acetylcholine  and  depolarising  concentrations  of 
potassium  ions.  As  several  similarities  exist  between  the  vesicles  obtained 
from  sympathetic  nerve  endings  (Potter  1966)  and  the  catecholamine  storage 
granules  of  adrenal  chromaffin  tissue  (Hagen  1959)  it  was  of  interest  to 
determine  if  the  release  of  noradrenaline  (NA)  from  a  sympathetically 
innervated  structure  was  also  influenced  by  the  extracellular  ionic  environment. 

Burn  and  Gibbons  (1964)  provided  the  first  indirect  evidence 
that  calcium  ions  were  essential  at  some  site  on  the  adrenergic  neuronal 
membrane  for  nerve  impulses  to  release  the  sympathetic  transmitter.  With 
the  aid  of  tritium  labelled  catecholamines  of  relatively  high  specific  activity 
Boullin  and  Brodie  (1965)  demonstrated  that  changes  in  the  ionic  concentration 
of  the  perfusion  medium  in  the  isolated  cat  colon  altered  the  efflux  of 
tritiated  amine  induced  by  stimulation  of  the  postganglionic  nerves.  In  the 
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present  study  the  endogenous  store  of  catecholamines  in  isolated  rat  hearts 

3 

were  labelled  with  tritiated  noradrenaline  (  H-NA)  and  the  efflux  of  the 

tritium  was  followed  when  the  hearts  were  perfused  with  various  isotonic 

solutions  with  different  ionic  compositions.  In  addition,  in  view  of  the 

reports  (Richardson  and  Woods  1959,  Angelakos  and  Bloomquist  1965)  that 

increases  in  inotropic  and  chronotropic  actions  which  result  from 

administration  of  acetylcholine  to  atropinised  isolated  heart  preparations 

(i.e.  nicotinic  effects)  are  mediated  through  the  release  of  NA,  a  study  of 

3 

the  influence  of  acetylcholine  on  the  tritium  efflux  curves  from  H-NA 
labelled  hearts  was  carried  out. 
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1  LITERATURE  REVIEW 


1  (a)  Historical 

One  hundred  years  have  now  passed  since  the  observation  by 
Vulpian  that  watery  extracts  of  adrenal  glands  of  many  species  contained  a 
substance  which  gave  a  rose-carmine  colour  when  exposed  to  air.  Some 
50  years  later  one  of  the  catecholamines  responsible  for  this  colour  reaction 
was  isolated  and  subsequently  synthesised.  In  1904  Stolz  synthesised  NA 
and  made  the  first  observations  on  its  biological  properties  noting,  that  it 
was  as  active  as  adrenaline  (A)  in  raising  the  blood  pressure  of  animals,  but 
less  toxic . 

During  the  period  between  1904  and  1948,  when  NA  was  shown 
by  von  Euler  to  be  present  in  and  the  specific  transmitter  substance  of 
adrenergic  nerves  numerous  investigators  reported  evidence  for  a  "special 
and  unknown"  factor  which  exerted  remote  sympathomimetic  actions  but  which 
was  different  from  A  (Loewi  1921,  Cannon  and  Uridil  1921,  Cannon  and 
Rosenblueth  1933).  By  the  use  of  more  precise  preparative  and  analytical 
methods  differences  between  the  active  organ  substances  and  A  were 
detected  and  agreement  was  found  with  NA  (von  Euler  1948).  In 
confirmation  of  these  observations  subsequent  authors  noted  that  the  activity 
in  most  organ  extracts  from  sympathetically  innervated  structures  was  in  all 
probability  chiefly  due  to  NA  (Bacq  1947,  Schmiterlb'w  1948). 
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Having  established  the  important  role  of  NA  the  next  problem 

concerned  the  location  and  binding  of  the  transmitter  substance.  A 

comparison  of  the  amounts  of  NA  in  the  splenic  nerve  and  the  spleen 

indicated  that  the  transmitter  must  be  accumulated  in  the  nerve  terminals. 

By  using  the  homogenisation  procedure  of  Hillarp  (1955),  von  Euler  showed 

that  the  sediment  produced  by  high  speed  centrifugation  of  the  primary 

supernote  contained  NA,  which  was  biologically  inactive  prior  to  treatment 

with  heat  or  acid,  thus  providing  evidence  for  structurally  bound  NA  (von  Euler 

and  Hillarp  1956).  In  confirmation  of  these  observations  an  electronmicrograph 

taken  by  von  Euler  and  Bahr  in  1956  showed  that  the  high  speed  sediment 

from  homogenised  splenic  nerves  was  rich  in  osmiophilic  granules  of  about 
o 

5 00 -1 000 A  in  diameter  (von  Euler  1966). 

Since  1945  many  attempts  have  been  made  to  apply  fluorescence 
techniques  to  clarify  a  number  of  problems  involved  in  the  innervation  of 
tissues  supplied  with  adrenergic  nerves.  In  1962,  through  the  work  of  Falck, 
it  finally  became  possible  to  demonstrate  the  finest  terminals  by  means  of 
their  content  of  NA.  This  was  done  by  applying  a  fluorescent  technique 
based  on  interaction  of  monamines  including  NA  with  formaldehyde,  a 
procedure  previously  studied  by  Eranko  (1955).  The  recent  disclosure  of 
monaminergic  nerve  paths  within  the  central  nervous  system,  greatly 
extended  through  the  work  of  Fuxe  (1965)  and  others,  has  opened  up  new 
and  fruitful  fields  of  the  highest  significance. 
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1  (b)  Adrenergic  innervation  of  heart 

The  supply  of  autonomic  nervous  system  fibres  in  the  various 
parts  of  the  heart  has  been  studied  repeatedly  with  conventional 
histological  techniques.  Previous  studies  were  unable  to  identify  with 
certainty  the  adrenergic  fibres  but  it  is  now  possible  to  do  so  quite  precisely 
with  the  fluorescence  technique  of  Hillarp  and  Co-workers  (Falck,  1962). 

The  adrenergic  innervation  of  the  rabbit  and  guinea  pig  heart 

was  recently  studied  by  Angelakos  et  al  (1963)  who  found  an  excellent  correlation 

between  histochemical  density  of  fluorescence  and  chemical  content  of  NA. 

Furthermore,  fluorescence  histochemistry  indicated  that  the  catecholamine 

content  of  the  atria  was  confined  within  nerve  structures.  Dahlstrom  et  al  (1965) 

reported  similar  findings  for  dog  heart.  In  both  studies  mentioned  above  it 

is  interesting  to  note  that  no  catecholamine  containing  cells  (chromaffin 

cells)  of  any  kind  were  observed  in  the  heart  muscle  specimens  studied.  By 

a  combination  of  radioautography  and  electronmicroscopy  Wolfe  and  Potter 

3 

(1963)  investigated  the  disposition  of  H-NA  after  infusion  of  the  labelled 
amine  into  rats.  In  rat  right  atrial  tissue  electronmicroscopic 
radioautography  localised  the  grains  over  non-myelinated  axons  containing 
granulated  vesicles.  Furthermore,  after  homogenisation  and  sucrose  density 
gradient  techniques  the  majority  of  the  radioactivity  appeared  in  the 
granulated  vesicle  fractions  along  with  endogenous  NA. 
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Of  the  various  procedures  available  for  denervation  of  the 

heart,  excision  and  reimplantation  of  the  heart  ("orthotopic  cardiac 

autotransplantation")  is  by  far  the  most  effective  (Cooper  1965).  Three 

3 

days  after  that  procedure  the  uptake  of  dl-  H-NA  was  reduced  to  6. 1% 
of  normal .  Together  with  this  loss  of  NA  binding  capacity,  and  virtually 
complete  loss  of  ability  to  store  NA,  the  indirectly  acting  sympathomimetic 
amines  lost  most  of  their  cardiac  effect. 

Immunosympathectomised  rats  (Iversen  et  al  1966)  display  an  almost 
complete  atrophy  of  sympathetic  nerve  cells  and  studies  on  the  physiologic 

3 

disposition  of  H-NA  in  these  animals  showed  that  the  reduction  of  the 

ability  to  accumulate  the  labelled  amine  paralleled  the  reduction  in  the 

endogenous  catecholamine  content  of  these  tissues.  For  rat  heart,  Iversen  et  al 

3 

(1966)  reported  the  uptake  of  H-NA  to  be  less  than  10%  of  normal . 

The  above  studies  emphasise  the  importance  of  the  adrenergic 
innervation  of  the  heart  for  the  normal  accumulation  and  binding  of  NA. 
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1  (c)  Characteristics  of  subcel lular  distribution  of  Noradrenal ine 

The  existence  of  specific  intracellular  storage  granules  for 
catecholamines  was  first  demonstrated  for  adrenal  medullary  tissue  in  1953 
(Blaschko  and  Welch  1953;  Hillarp  et  al  1953).  Using  similar  centrifugation 
techniques  von  Euler  and  Hillarp  (1956)  studied  the  storage  of  NA  in  the 
splenic  nerves  and  spleen  of  oxen.  They  demonstrated  that  some  of  the  NA 
stored  in  this  tissue  could  be  isolated  from  homogenates  containing  subcellular 
particles. 

Electron  microscopic  studies  on  catecholamine  deposits  were 
initially  done  on  cells  of  the  adrenal  medulla, and  special  membrane-bound 
granules  or  vesicles,  which  intensely  reduced  osmium  tetroxide,  were 
recognised  (Lever  1955).  In  adrenergic  axons  and  endings  innervating  the 
pineal  gland  and  in  the  splenic  nerve,  a  pi urivesicular  material  was 
described  by  De  Robertis  and  Pellegrino  de  Iraldi  (1961,  1961a).  This 
consisted  of  clear  homogenous  vesicles  intermingled  with  granulated  vesicles 
containing  a  dense  granule  of  reduced  osmium.  Similar  components  have 
been  observed  in  various  parts  of  the  sympathetic  nervous  system  (Grillo  and 
Palay  1962;  Richardson  1962). 

Potter  and  Axelrod  (1962)  found  that  particles  obtained  from 

rat  hearts,  containing  endogenous  and  exongenous  (tritium-labelled)  NA, 

sedimented  during  gradient  centrifugation  with  particles  of  "microsomal" 

3 

size.  Similar  results  were  obtained  for  endogenous  and  H-NA  in  the 

3 

salivary  gland  and  vas  deferens,  and  for  H-NA  in  the  pineal  and  adrenal 
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glands  (Potter  and  Axelrod  1963).  Subsequent  modifications  of  methodology 
have  yielded  isolated  NA  containing  granules,  relatively  uncontaminated  by 
ribonucleoprotein  and  glycogen  granules  (Potter  1966).  The  physical 
properties  of  the  splenic  nerve  vesicles  which  contain  NA  (von  Euler  and 
Lishajko  1961;  Stjarne  1964)  and  of  the  rat  heart  vesicles  which  retain 
endogenous  and  labelled  NA  (Potter  and  Axelrod  1963a)  have  been  well 
studied  and  are  very  similar.  Both  are  lysed  by  detergents,  but  are 
moderately  resistant  to  lysis  by  suspension  in  water,  or  by  freezing  and  thawing. 
Both  rapidly  lose  NA  in  warm  solutions  and  both  are  able  to  retain  NA  against 
large  gradients. 

As  yet,  no  preparation  of  vesicles  containing  NA  has  been 
obtained  in  a  sufficiently  pure  form  to  permit  accurate  measurements  of  the 
concentration  of  lipids,  proteins,  adenine  nucleotides  and  other  constituents 
of  the  vesicles,  comparable  to  the  measurements  in  the  isolated  adrenal 
chromaffin  granules  by  Hillarp  (1958).  The  average  content  of  NA  per 
granulated  vesicle  is  not  known.  However,  the  presence  or  absence  of 
several  ensymes  in  partially  purified  preparations  of  heart  vesicles  and  the 
presence  of  ATP  in  both  splenic  nerve  and  heart  vesicles  has  been 
demonstrated  (von  Euler  1956;  Potter  and  Axelrod  1963a). 

The  molar  ratio  of  NA:  ATP  has  been  found  to  be  about  4:1 
for  a  variety  of  nerve  granule  preparations  (St|arne  1964).  In  view  of  the 
consistency  of  this  ratio  and  the  observation  that  the  ATP  is  moderately 
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inert  within  the  granules,  ATP  has  often  been  suggested  as  an  ionic  complexing 
agent  responsible  for  concentrating  amines  within  vesicles  or  as  the  final 
binding  substance,  or  both.  Weak  catecholamine-ATP  complexes  have  been 
demonstrated  in  solutions  (Weiner  and  Jardetzky  1964).  Magnesium  ion 
activated  ATPases  are  present  in  chromaffin  granules  (Banks  and  Blaschko 
1966)  and  both  magnesium  and  calcium  activated  ATPases  occur  in  the  best 
present  preparations  of  heart  vesicles  which  store  NA.  Since  secretion  of 
catecholamines  from  the  adrenal  medulla  is  calcium  dependent  Potter  (1966) 
speculates  that  stimulus  secretion  coupling  may  involve  an  ion  activated 
enzyme,  like  ATPase,  which  either  causes  an  abrupt  disruption  of  a 
catecholamine  binding  complex  or  causes  a  sudden  change  in  membrane 
permeability. 

Of  the  NA  contained  within  sympathetic  nerve  endings  in  rat 
heart,  no  more  than  77%  has  been  isolated  in  small  particles  (Potter  and 
Axelrod  1963).  This  raises  the  question  of  the  function  and  relation  of  the 
soluble  NA  to  vesicle-bound  NA.  Prelonged  homogenisation  permits  better 
cellular  disruption  but  also  decreases  the  yield  of  amine  containing  particles 
(Iversen  and  Whitby  1 963). Repeated  sedimentation  and  resuspension  of 
particles  is  reported  to  have  a  similar  effect.  For  this  reason  it  has  been 
suggested  that  much  of  the  NA  appearing  in  soluble  form  is  released  from 
storage  vesicles  during  the  process  of  cell  disruption  (Potter  and  Axelrod 
1963).  On  the  other  hand  some  NA  must  normally  be  present  in  the  cytoplasm 
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in  equilibrium  with  that  in  the  vesicles,  von  Euler  and  Lishajko  (1962)  have 
suggested  that  this  soluble  form  is  important  as  the  source  of  transmitter 
released  by  nerve  stimulation. 

In  view  of  the  relative  stability  of  isolated  nerve  granules  to  a 
number  of  changes  in  the  environment  it  appears  unlikely  that  changes  in  the 
intraneuronal  milieu  accompanying  the  depolarisation  of  the  axonal  membrane 
could  be  solely  responsible  for  release  of  NA.  The  only  structure  which  is 
definitely  known  to  be  profoundly  changed  by  a  propagated  nerve  impulse  is 
the  axonal  membrane.  Stjarne  (1966)  has  recently  postulated  that  NA 
lipid-bound  in  the  axonal  membrane  itself,  or  possibly  contained  in  some 
"membrane-bound  vesiculated  structure"  might  represent  the  small  NA  pool 
from  which  the  neurotransmitter  release  occurs  on  depolarisation  of  the 


axonal  membrane. 
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1  (d)  Uptake  of  Noradrenaline 

The  uptake  of  NA  into  the  tissue  stores  of  sympathetically 

innervated  organs  has  been  demonstrated  in  many  ways;  as  an  increase  over 

endogenous  levels  following  injection  of  levo-NA  (Campos  and  Shideman 

3 

1962) ,  as  the  uptake  of  labelled  amine  after  injection  of  dl-  H-NA 
(Hertting  and  Axelrod  1965;  Crout  1964),  or  as  the  difference  between 
arterial  and  venous  levels  in  the  blood  perfusing  isolated  organs  (Gillespie 
and  Kirpekar  1963). 

It  is  now  generally  considered  by  some  workers  that  in  the 
sympathetic  nervous  system  re-entry  into  the  nerve  ending  and  not 
enzymatic  destruction  is  the  main  mechanism  for  terminating  the  biological 
action  of  circulating  or  locally  released  NA  (Rossell,  Kopin  and  Axelrod 

1963) .  The  potentiating  effects  of  many  drugs  with  regard  to  sympathetic 
function  may  be  visualised  as  an  inhibition  or  prolongation  of  the  uptake 
mechanism  (Dengler  et  al  1961). 

Relatively  little  is  known  of  the  detailed  properties  of  the 

catecholamine  uptake  process.  Dengler  et  al  (1962a)  have  studied 

3 

in  vitro  the  uptake  of  dl-  H-NA  by  slices  of  cerebral  cortex,  heart  and 
spleen  and  by  isolated  pineal  bodies  of  the  cat  (Dengler  et  al  1962b). 

These  workers  found  the  uptake  obeyed  saturation  kinetics  of  the  Michael  is 
Menten  type  and  required  metabolic  energy.  The  carrier  mechanism 
became  saturated  at  levels  of  100  mygm  per  ml  and  was  accompanied  by  a 
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simple  diffusion,  the  rate  of  which  was  proportional  to  concentration  at  all 

levels.  Crout  (1964)  has  shown  that  guinea  pig  hearts  in  vitro  concentrate 

3 

H-NA  to  levels  8  to  12  times  those  in  blood  within  a  minute  after  injection. 
Saturation  of  this  mechanism  at  blood  levels  of  the  order  of  1  juM  was  taken 
to  be  in  accord  with  a  carrier  mechanism  for  uptake.  When  rat  hearts  were 
perfused  with  NA  concentrations  exceeding  those  necessary  to  saturate  the 
transport  phenomenon,  an  unusual  uptake  phenomenon  was  observed  by 
Iversen  (1965a).  At  critical  concentrations  of  NA  (about  I  jjg/ml  for  NA) 
a  striking  increase  in  the  uptake  of  catecholamines  appeared.  This  new 
uptake  phenomenon  was  designated  Uptake2  by  Iversen  (1965a).  Uptake2 
did  not  distinguish  between  optical  isomers  of  NA  as  did  Uptake  j  which  is 
more  specific  for  1-NA.  It  was  saturable  only  at  concentrations  of 
85  yg/ml  NA.  Since  Uptake2  emerges  only  at  toxic  levels  of  NA  it  is  not 
usually  a  factor  in  studies  of  uptake  from  the  circulation  in  vivo. 

A  great  number  of  drugs  can  inhibit  NA  uptake  in  slices 
(Dengler  1965,  Dengler  1961),  in  perfused  organs  (Iversen  1965, b,c,),  and 
in  vivo  (Hertting  et  al  1961),  as  well  as  in  subcellular  particles  (von  Euler 
and  Lishajko  1965).  Oubain  was  of  particular  interest  since  it  was  without 
effect  on  granules  but  markedly  inhibited  uptake  in  slices.  Potassium  which 
is  known  to  antagonise  the  effects  of  cardiac  glycosides  on  cation  transport 
(Glynn  1957)  can  also  counteract  the  effects  of  these  steroids  on  NA  uptake 
in  rabbit  heart  slices.  These  findings  have  led  Titus  and  Dengler  (1966)  to 
indicate  that  the  uptake  of  NA  may  be  linked  with  a  cation  transport  mechanism. 
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1  (e)  Cations  and  Release  of  Catecholamines 

In  1961  Douglas  and  Rubin  investigated  the  actions  of 
acetylcholine  as  a  medullary  secretogogue  during  perfusion  of  the  cat's 
adrenal  gland  with  media  of  differing  ionic  composition.  The  experiments 
showed  that  acetylcholine  still  caused  secretion  of  catecholamines  when 
all  sodium  and  potassium  was  omitted  from  the  perfusion  medium  (tonicity 
being  maintained  with  sucrose).  By  contrast,  the  response  to  acetylcholine 
was  profoundly  depressed  when  calcium  was  omitted  from  the  perfusion 
medium,  and  over  a  wide  range  of  calcium  concentrations  the  response  to 
acetylcholine  increased  with  increasing  calcium  concentration  so  that  at 
17.6  mM  the  output  of  catecholamines  to  the  test  dose  of  acetylcholine 
was  doubled.  In  addition  evidence  was  obtained  that  calcium  itself  could 
evoke  catecholamine  secretion.  These  findings  coupled  with  the  known 
ability  of  acetylcholine  to  increase  the  permeability  of  membranes  at  other 
sites  in  the  body,  led  Douglas  and  Rubin  (1961b)  to  propose  that 
acetylcholine  probably  stimulated  the  chromaffin  cell  to  secrete  by 
promoting  an  increased  uptake  or  influx  of  calcium  ions.  Further  support 
for  this  hypothesis  was  provided  by  Douglas  and  Poisner  (1962)  when  they 
demonstrated  that  acetylcholine  increased  calcium-45  uptake  in  the  adrenal 
medulla.  Excess  potassium  was  shown  by  Vogt  (1959)  to  evoke 
catecholamine  secretion  by  a  direct  action  on  the  chromaffin  cell  .  That 
this  action  of  potassium  required  calcium  in  the  extracellular  environment 
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was  shown  by  Douglas  and  Rubin  (1961),  who  also  showed  that  the  intensity 
of  the  secretory  response  to  excess  potassium  varied  with  the  extracellular 
calcium  concentration  over  a  wide  range  and  that  excess  potassium  greatly 
increased  the  uptake  of  calcium-45  by  the  adrenal  medulla  (Douglas  and 
Poisner  1 962) . 

A  rather  different  piece  of  evidence  to  support  the  view  that 
calcium  entry  is  a  critical  link  in  "stimulus-secretion  coupling"  has  come 
from  experiments  in  which  calcium  itself  in  the  absence  of  any  of  the 
familiar  secretogogues  evokes  catecholamine  secretion.  Although  calcium 
itself  has  been  shown  to  have  little  effect  on  the  adrenal  medulla  in  normal 
circumstances,  after  a  period  of  perfusion  with  a  calcium  free  medium 
reintroduction  of  this  ion  induces  secretion  of  catecholamines.  Douglas 
(1965)  proposed  that  the  stimulant  action  of  calcium  is  due  to  the  penetration 
of  the  plasma  membrane  of  the  chromaffin  cell  by  this  ion. 

The  stimulant  effect  of  barium  on  catecholamine  release 
observed  by  Douglas  and  Rubin  (1964)  was  somewhat  different  than  that  of 
calcium.  Barium  was  demonstrated  to  act  in  its  own  right  and  not  merely 
by  freeing  calcium  from  sites  of  binding;  it  was  fully  effective  in  media 
free  of  calcium  and  containing  ethylenediaminetetraacetic  acid  (EDTA). 
Magnesium  was  quite  without  stimulant  effect  on  cats  adrenal  glands,  its 
action,  on  the  contrary,  was  strongly  inhibitory.  It  opposed  not  only  the 
stimulant  effect  of  calcium  and  barium,  but  also  those  of  acetylcholine  and 
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potassium . 

In  contrast  to  the  considerable  evidence  that  the  concentration 

of  extracellular  cations  exerts  a  profound  effect  on  the  release  of 

catecholamines  from  the  adrenal  medulla  the  role  of  the  external  ionic 

environment  in  the  release  of  NA  from  sympathetic  nerves  has  been  neglected. 

Burn  and  Gibbons(1964)  provided  indirect  evidence  that  calcium 

was  essential  at  some  site  on  the  adrenergic  neuronal  membrane  for  nerve 

3 

impulses  to  release  the  sympathetic  transmitter.  Using  H-NA,  Boullin 

(1965)  and  Boullin  qnd  Brodie  (1965)  were  able  to  confirm  the  results  of  Burn 

3 

(1964)  that  calcium  was  necessary  for  the  stimulated  release  of  H-NA  from 

the  cat  colon.  These  workers  further  showed  that  normal  responses  to  nerve 

stimulation  were  restored  by  replacement  of  calcium  with  barium  but  not 

magnesium.  Following  perfusion  with  calcium  free  solutions,  replacement  of 

3 

calcium  or  substitution  of  barium  evoked  a  spontaneous  release  of  H-NA. 
These  results  are  qualitatively  similar  to  those  found  for  the  isolated  adrenal 
medulla  by  Douglas  and  Co-workers. 
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II  METHODS 


II  (a)  Heart  Perfusion  and  Labelling 

Sprague-Dawley  male  rats  weighing  between  100-150  g  were 
killed  by  a  blow  on  the  head;  the  hearts  were  excised,  cannulated  at  the 
aortic  arch  with  a  dulled  18  guage  needle  and  perfused  at  3  ml  per  minute 
by  a  constant  flow  modification  of  the  Langendorff  method.  Krebs-bicarbonate 
perfusion  medium,  aerated  with  carbogen  (95%  0 ^ /  5%  CC^)  and  warmed 
to  38°C  by  passing  through  a  heating  coil  was  delivered  to  the  hearts  by  a 
peristaltic  perfusion  pump  (Harvard  Instrument  Company),  and  the  perfusate 
was  collected  in  a  series  of  50  ml  graduated  centrifuge  tubes  which  were 
changed  at  3  minute  intervals.  The  endogenous  NA  stores  of  the  heart 
were  labelled  by  slow  infusion  of  tritiated  dl-noradrenaline  (S.A.4.7 
C/mM-New  England  Cor.)  into  the  perfusion  medium  at  a  point  just  before 
entering  the  hearts  and  at  a  rate  sufficient  to  give  a  concentration  of 
5.5  ng/ml/min.  (Appendix  I).  After  9  minutes  the  infusion  of  radioactive 
amine  was  terminated  and  the  efflux  of  the  labelled  amine  followed  by 
collecting  the  perfusate  from  the  hearts  for  a  further  78  minutes.  Test 
drugs  were  similarly  infused  into  the  perfusion  medium  by  means  of  the 
Palmer  slow  injection  pump  and  the  ionic  composition  of  the  perfusion 
medium  was  altered  according  to  the  particular  experimental  schedule. 
Apparatus  for  the  simultaneous  perfusion  of  4  isolated  rat  hearts  is 
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illustrated  in  Fig .  1  . 

II  (b)  Perfusion  Media 

The  ionic  compositions  of  the  perfusion  media  employed  are 

listed  in  Appendix  I.  All  hearts  were  initially  perfused  with  normal 

Krebs-bicarbonate  solution,  but  during  tests  of  the  influence  of  altered 

3 

ionic  environment  on  the  rate  of  release  of  H-NA,  the  heats  were  perfused 
wi  th  a  variety  of  modified  Krebs  solutions.  For  example,  to  test  the 
influence  of  calcium  on  the  release  of  NA  the  hearts  were  perfused  with  a 
modified  Krebs  solution  in  which  the  calcium  chloride  was  omitted  and 
replaced  by  strontium  chloride  or  barium  chloride,  and  to  some  of  which 
varying  amounts  of  Na2EDTA  (disodiumethylenediaminetetraacetate)  or 
EGTA  (ethylene  bisglycol  (-aminoethylether)  tetraacetic  acid),  were 
added.  When  excess  potassium  was  employed  as  a  depolarising  agent 
sufficient  potassium  chloride  was  substituted  for  sodium  chloride  in  the  Krebs 
solution  to  give  a  potassium  ion  concentration  of  59  mM.  Similar 
substitutions  were  made  with  sucrose  or  sodium  chloride  when  the  influence 
of  other  ions  were  tested. 

II  (c)  Counting  techniques 

A  1  ml  aliquot  of  the  total  efflux  collected  every  3  minutes 
(about  9  ml)  was  transferred  to  10  ml  of  scintillation  fluid  (Appendix  I) 
and  the  radioactivity  recorded  by  means  of  a  Nuclear-Chicago  725 
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scintillation  spectrometer.  After  checking  the  counter  by  the  reproductibility 
of  a  tritium  standard,  the  samples  were  each  counted  for  a  4  minute  period. 

The  counting  efficiency  was  determined  and  found  to  be  approximately  10%. 

At  the  end  of  the  prescribed  perfusion  period  the  hearts  were 

immediately  removed  from  the  perfusion  apparatus,  sliced  about  a 

longitudinal  axis  through  the  apex,  blotted  dry  and  frozen  with  liquid 

nitrogen.  With  the  aid  of  a  stainless  steel  die  and  punch  (Callingham  and 

Cass  1963),  the  hearts  were  pulverised  and  tableted.  The  tablet  of 

pulverised  frozen  tissue  was  homogenised  with  a  Potter  Homogeniser  in  10  ml 

extration  medium  (ice  cold  salt  saturated  n-butanol  -  Appendix  I)  and  shaken 

to  extract  the  NA  (von  Euler  et  al  1951).  The  butanol  extract  was 

separated  from  the  tissue  by  centrifugation  at  2000  rpm  after  which  the  NA 

extract  from  the  tissue  was  separated  by  throwing  it  out  of  the  butanol  extract 

into  0  ,01  N  hydrochloric  acid  by  the  addition  of  15  ml  of  heptane  and 

shaking.  The  concentration  of  NA  located  in  the  lower  aqueous  phase 

(0.01N  HCI)  was  determined  by  the  trihydroxyindole  fluorescent  assay 

procedure  using  an  Aminco-Bowman  spectrophotofluorometer  at  an 

activation  wavelength  of  385  my,  fluorescence  wavelength  485  my. 

A  0.5  ml  aliquot  of  the  acid  extract,  to  which  was  added  an  equal  value 

of  Krebs  solution,  was  counted  for  its  tritium  content  in  10  ml  of 

scintillation  fluid  and,  after  the  volume  correction,  the  figure  obtained 

3 

was  taken  as  the  counts  per  minute  from  H-NA  left  in  the  heart  at  the 
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end  of  the  perfusion  period. 


Ill  RESULTS 


III  (a)  Perfusion  with  Normal  Krebs 

The  efflux  of  tritiafed  amine  from  the  isolated  rat  hearts  is  shown 
in  Fig  .  2  .  The  perfusion  medium  was  normal  Krebs  bicarbonate  solution  and 
each  point  represents  the  average  counts  per  minute  released  over  a  three  minute 
period  expressed  as  a  percentage  of  the  total  counts  per  minute  present  in  the 
hearts  at  the  beginning  of  the  release  period.  The  counts  per  minute  present 
in  the  hearts  at  the  beginning  of  the  release  period  are  obtained  by  summation 
of  the  efflux  and  adding  the  total  counts  per  minute  in  the  hearts  at  the  end  of 
the  perfusion  period,  as  indicated  in  Appendix  II,  Table  1  . 


Ill  (b)  Perfusion  with  Calcium  free  Krebs 

Removal  of  calcium  from  the  perfusion  medium  produced  an 
increase  over  the  control  efflux  with  normal  Krebs  throughout  the  perfusion 
period.  Addition  of  0.2  mM  Na^EDTA  to  the  calcium  free  perfusion  medium 
did  not  elevate  the  level  of  release  above  that  produced  by  perfusion  with 
calcium  free  medium  alone  but,  as  indicated  in  Fig.  3,  addition  of  2  mM 


Na^EDTA  to  the  calcium  free  medium  produced  a  much  higher  release  of 
tritiated  amine . 


Ill  (c)  The  Releasing  Effect  of  Na2EDTA 

To  determine  whether  the  rise  in  efflux  of  tritiated  amine  in 
the  preceding  experiments  was  due  to  the  presence  of  Na2EDTA  per  se  or 
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to  calcium  lack,  an  experiment  was  carried  out  replacing  calcium  free  Krebs 
+  2  mM  Na2EDTA  with  calcium  free  Krebs  instead  of  with  normal  Krebs 
containing  calcium  (2 .5  mM)  as  was  done  formerly.  Fig  .  4  illustrates  the 
results  of  experiments  in  which  4  hearts  were  perfused  with  normal  Krebs  for 
27  minutes.  When  the  perfusion  fluid  was  changed  to  calcium  free  Krebs 
+  2  mM  Na^DTA  and  perfusion  continued  for  a  further  24  minutes  a  sharp 
rise  in  efflux  was  observed.  The  efflux  contained  at  this  elevated  rate  in 
2  hearts  perfused  with  the  calcium  free  medium  containing  2  mM  Na2EDTA. 
However,  the  remaining  2  hearts  were  perfused  with  a  calcium  free  medium 
containing  no  Na2EDTA  and  a  decrease  in  release  was  evident.  It  thus 
appears  that  Na2EDTA  has  some  releasing  action  of  its  own  which  is  quite 
reversible  when  the  chelating  agent  is  washed  out  of  the  tissue. 

Ill  (d)  Calcium  free  +  2  mM  In^EDTA  and  Normal  Krebs  Crossover  Experiments 
Fig.  5  shows  the  results  of  the  latter  half  of  a  crossover 
experiment  involving  normal  Krebs  and  calcium  free  Krebs  +  2mM  Na2EDTA. 

The  4  separate  treatments  are  designated  by  hearts  A,  B,  C  and  D 
respectively.  The  hearts  designated  by  letter  A  (A)  were  perfused  before 
the  test  period  with  calcium  free  Krebs  +  2  mM  Na0EDTA,  During  the  test 
period  the  hearts  were  perfused  with  normal  Krebs  thus  replacing  the  calcium 
and  removing  the  Na^DTA  and  a  decreased  efflux  occurred.  A  subsequent 
perfusion  period  with  calcium  free  Krebs  +  2  mM  Na^DTA  caused  the  efflux 
rate  to  rise  again.  The  hearts  designated  by  letter  B  {A)  were  perfused  with 
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calcium  free  Krebs  +2  mM  Na2EDTA  throughout  the  entire  schedule,  the 
release  was  observed  to  be  elevated  above  that  produced  by  perfusion  with 
norma!  Krebs  indicated  by  hearts  D  (O).  If  calcium  was  removed  and 
2  mM  Na2EDTA  added  to  the  perfusion  medium  after  perfusion  with  normal 
Krebs,  the  release  of  tritiated  amine  increased  and  then  subsequently 
decreased  when  normal  Krebs  was  again  restored  (hearts  C  (•  )  ). 

Ill  (e)  Extended  Crossover  Experiment 

In  experiments  already  described  involving  perfusion  with 
calcium  free  Krebs  and  normal  Krebs  data  was  obtained  from  several  hearts 
and  it  was  therefore  of  interest  to  validate  these  results  by  consecutive 
perfusion  of  one  or  more  hearts  with  either  of  the  above  mentioned  media. 

Fig  .  6  shows  the  results  obtained  with  such  an  experiment .  Hearts  A  (S ) 
were  perfused  initially  with  calcium  free  medium.  After  30  minutes  this 
medium  was  replaced  with  Krebs  containing  the  normal  amount  of  calcium. 
After  15  minutes  the  calcium  free  medium  was  reintroduced  and  subsequently 
2  mM  Na2EDTA  was  added.  Finally  normal  Krebs  was  perfused  for  a  further 
15  minutes  to  conclude  the  experiment.  Hearts  B  (^)  after  30  minutes 
perfusion  with  normal  Krebs  were  switched  to  calcium  free  medium  for  15 
minutes  and  then  returned  to  normal  Krebs  for  a  further  30  minutes.  Finally, 
calcium  free  Krebs  +  2  mM  In^EDTA  was  employed  as  the  perfusion  medium 
for  the  last  15  minutes.  The  results  indicate  that  the  release  caused  by 
perfusion  with  calcium  free  Krebs  can  be  reduced  by  perfusion  with 
normal  Krebs.  Furthermore,  the  releasing  action  of  perfusion  with  calcium 
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free  Krebs  +  2  mM  Nc^EDTA  can  be  reversed  by  the  restoration  of  a  normal 
Krebs  medium . 

Ill  (f)  Perfusion  with  Strontium  substituted  Krebs 

A  strontium  substituted  Krebs  bicarbonate  medium  was  prepared 
in  which  calcium  was  replaced  by  strontium  (2.5  mM)  and  this  medium  was 
employed  during  the  test  period  after  prior  perfusion  with  a  calcium  free 
medium  containing  2  mM  In^EDTA  as  indicated  in  Fig.  7.  The  strontium 
substituted  Krebs  medium  caused  a  fall  in  the  efflux  as  compared  to  hearts 
perfused  with  calcium  free  Krebs  +  2  mM  Na^EDTA.  When  the  strontium 
medium  was  replaced  with  the  calcium  free  medium  containing  In^EDTA 
the  efflux  rose  rather  slowly  towards  its  previous  elevated  level  . 

Ill  (g)  Perfusion  with  Barium  substituted  Krebs 

When  barium  at  concentrations  of  2 .5  mM  and  5  mM  was 
perfused  in  calcium  free  media  it  invoked  release  of  tritiated  amine  during 
test  periods  as  shown  in  Figs.  8  and  9.  The  release  produced  by  5  mM 
barium  in  a  calcium  free  medium  was  considerably  larger  than  that 
produced  by  2 .5  mM  barium  . 

Ill  (h)  Potassium  stimulation  of  Release 

For  the  test  period  of  this  series  of  experiments  a  high 
concentration  of  potassium  was  incorporated  into  the  Krebs  bicarbonate 
medium.  Hearts  perfused  with  a  high  concentration  of  potassium  (59  mM) 
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responded  to  the  stimulus  by  an  increase  in  efflux  as  shown  in  Fig.  10. 
Removal  of  this  stimulating  concentration  of  potassium  and  restoration  of 
normal  Krebs  medium  subsequently  decreased  the  efflux.  If  calcium  was 
omitted  from  the  perfusion  medium  the  stimulating  action  of  potassium  was 
no  longer  evident.  Perfusion  with  calcium  free  Krebs  evoked  a  release 
which  was  above  that  produced  by  normal  Krebs. 

Ill  (j)  Strontium  substituted  Krebs  and  stimulation  by  Potassium 

As  in  the  previous  experiment  a  high  concentration  of  potassium 
(59  mM)  was  employed  as  a  stimulating  agent.  When  perfused  in  a  strontium 
substituted  medium  high  potassium  was  able  to  stimulate  release  of  tritiated 
amine.  Restoration  of  strontium  substituted  Krebs  containing  normal 
potassium  concentration  (5.9  mM)  reduced  the  efflux  considerably.  Control 
hearts  perfused  with  a  calcium  free  medium  exhibited  no  such  stimulating 
action  when  exposed  to  a  high  potassium  concentration  in  a  calcium  free 
medium  (Fig  .  11). 

Ill  (k)  Perfusion  with  calcium  free  Krebs  and  the  stimulating  action  of 
Noradrenal  ine 

NA  at  concentrations  of  1  pM  and  2  pM  was  introduced  into 
the  perfusion  medium  via  the  infusion  pump  during  perfusion  with  either 
calcium  free  Krebs  or  normal  Krebs  containing  2.5  mM  calcium.  As  shown 
in  Fig.  12  both  concentrations  of  NA  invoked  release  of  tritiated  amine  but 
hearts  perfused  with  calcium  free  medium  exhibited  less  release  than  those 
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on  normal  Krebs  medium. 


Ill  (I)  Perfusion  with  calcium  free  Krebs  +  2  mM  Na^EDTA  and  the  stimulating 
action  of  Noradrenaline 


The  addition  of  2  mM  Na^EDTA  to  the  calcium  free  perfusion 
medium  caused  a  sustained  release  of  tritiated  amine  as  shown  in  previous 
experiments  (Fig.  3)  and  again  indicated  on  the  efflux  shown  in  Fig.  13. 
Infusion  of  NA  at  concentrations  of  1  jjm  and  2  |jM  respectively  stimulated  an 
increased  rate  of  efflux  in  hearts  perfused  with  media  containing  a  normal 
calcium  concentration  (2.5  mM),  but  identical  concentrations  of  NA  infused 
into  hearts  perfused  with  calcium  free  Krebs  containing  2  mM  Na^EDTA 
produced  no  increase  in  the  rate  of  efflux  of  tritiated  amine.  It  thus 


appeared  that  the  omission  of  calcium  and  the  addition  of  Na^EDTA  to  the 

3 

perfusing  medium  inhibited  the  stimulating  action  of  NA  on  H-NA  efflux. 


Ill  (m)  Strontium  substituted  Krebs  and  Noradrenaline  stimulation 

The  stimulant  action  of  1  |jM  and  2  ^jM  of  NA  is  shown  in  Fig  . 
14  during  perfusion  with  either  strontium  substituted  Krebs  or  calcium  free 
Krebs.  The  stimulant  action  of  NA  was  evident  in  hearts  receiving  the 
strontium  substituted  Krebs  throughout  the  duration  of  the  experiment. 

After  perfusion  with  calcium  free  Krebs  2  further  hearts  did  not  respond  to 
the  stimulating  agent  with  an  equivalent  release  of  tritiated  amine. 


Ill  (n)  Perfusion  with  Low  Sodium  Krebs 

Following  a  perfusion  period  with  normal  Krebs  a  test  period 
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of  low  sodium  Krebs,  in  which  sodium  chloride  was  replaced  by  an  osmotically 
equivalent  amount  of  sucrose,  caused  an  increased  release  of  tritiated  amine 
above  the  control  rate  of  release.  The  increased  efflux  decreased  on  returning 
to  a  perfusion  medium  in  which  the  sodium  concentration  was  restored  to  normal 
values,  as  shown  in  Fig.  15. 

Ill  (o)  Perfusion  with  Excess  Magnesium 

The  effects  of  an  excess  of  magnesium  ions  are  illustrated  in  Fig. 
16.  A  test  period  of  perfusion  with  80  mM  magnesium  resulted  in  an  increase 
in  release  as  compared  to  normal  Krebs  perfusion.  The  curve  is  qualitatively 
similar  to  the  one  obtained  using  a  test  period  of  low  sodium  Krebs  (Fig .  15) . 

The  high  magnesium  concentration  was  achieved  by  substitution  for  sodium. 

Ill  (p)  The  Releasing  Action  of  Acetylcholine 

The  releasing  action  of  acetylcholine  at  concentrations  of 
50 ^ig/ml  and  lOOjjg/ml  in  atropinised  and  non-atropinised  hearts  is 
illustrated  in  Fig.  17.  Atropine  at  a  concentration  of  10jjg/ml  was 
continuously  perfused  through  2  hearts.  In  both  atropinised  and  non-atropinised 
hearts  the  concentrations  of  acetylcholine  employed  induced  a  small  release 
of  tritiated  amine.  In  the  atropinised  preparations  an  increase  in  heart  rate 
was  observed  upon  administration  of  acetylcholine.  In  contrast  the 
non-atropinised  preparations  ceased  to  exhibit  rhythmic  contractions  during 
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the  acetylcholine  infusion  but  began  to  beat  again  after  the  acetylcholine 
was  withdrawn.  The  results  indicate  that  a  similar  quantity  of  tritiated 
amine  was  released  in  both  preparations  and  hence  exclude  the  possibility 
that  an  increase  in  rate  of  beating  of  the  isolated  hearts  will  produce  a 
greater  efflux.  A  further  complication  of  these  experiments  concerns  the 
possible  presence  of  sympathetic  ganglia  within  the  isolated  heart 
preparation.  However,  the  results  of  further  experiments  in  which  nicotine 
was  used  as  the  stimulating  agent  were  equivicol  and  failed  to  provide 
conclusive  evidence  for  a  ganglionic  mechanism  of  release  in  rat  hearts. 


NORMAL  KREBS  PERFUSION 
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The  corresponding  data  are  given  in  Appendix  II,  Table  2. 
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FIGURE  5 

Crossover  experiment  with  EDTA  and  Normal  Krebs-bicarbonate 

Hearts  B  were  perfused  throughout  with  a  calcium  free  medium 
containing  2  mM  EDTA.  Hearts  A  were  initially  perfused  with  the  same  medium 
but  were  switched  to  a  normal  Krebs-bicarbonate  medium  during  the  test  period 
(designated  "during")-  After  the  test  period  the  hearts  A  were  then  transferred 
back  to  a  calcium  free  medium  containing  2  mM  EDTA.  Hearts  D  were  perfused 
throughout  with  normal  Krebs-bicarbonate  solution.  Initially  hearts  C  were 
perfused  with  normal  Krebs-bicarbonate  medium  and  then  were  switched  to  a 
calcium  free  medium  containing  2  mM  EDTA.  After  the  test  period  hearts  C 
were  returned  to  normal  Krebs-bicarbonate  solution. 

The  corresponding  data  are  given  in  Appendix  II,  Table  4. 
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IV  DISCUSSION 


IV  (a)  Characteristics  of  NA  Release 

Tritiated  NA  has  been  utilised  to  label  the  endogenous  stores 
of  catecholamines;  several  methods  have  been  employed  to  study  its 

3 

subsequent  release.  After  infusion  of  H-NA  into  cat's  spleen  Hertting  & 

Axelrod  (1961)  were  able  to  detect  tritiated  amine  in  the  venous  effluent 

during  perfusion  of  the  organ  with  blood  from  a  donor  cat  that  was  free  from 

3 

radioactive  material.  Splenic  nerve  stimulation  released  H-NA  which 

was  partially  metabolised  by  Catechol -o-Methyl  Transferase  (COMT) 

partially  returned  to  nerve  endings  and  the  remainder  appeared  in  the  venous 

effluent.  Rosell  et  al  (1963)  have  shown  that  stimulation  of  sympathetic 

nerves  to  an  isolated  skeletal  muscle  vascular  bed  exhibited  a  similar  release 

phenomena.  Spontaneous  release  from  previously  labelled  organs  has  been 

studied  in  a  number  of  ways.  The  decline  in  tissue  radioactivity  subsequent 

to  labelling  has  been  followed  in  rat  heart  by  Brodie  and  Beaven  (1963),  in 

guinea  pig  heart  by  Crout  (1964)  and  in  rat  brain  by  Glowinski  and  Axelrod 

(1965).  In  a  more  extensive  study  involving  kinetic  considerations  of  the 

3 

decline  in  radioactivity  (  H-NA)  using  the  above  method  in  rat  heart 
Beaven  (1965)  showed  that  there  were  probably  at  least  2  compartments 
contributing  to  the  observed  release  of  tritiated  amine,  one  compartment 
(designated  a  mobile  pool)  appeared  to  be  available  for  immediate  release. 
Beaven  postulated  that  a  second  compartment  consisted  of  amine  probably 
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bound  in  a  catecholamine  ATP  complex  (Potter  et  al  1962,  Weiner  and 

Jardetzky  1964)  exchanged  slowly  with  the  mobile  pool  . 

Efflux  has  also  been  studied  using  isolated  perfused  organs. 

3 

Kopin  et  al  (1962)  demonstrated  that  H-NA  was  concentrated  in  isolated 
perfused  rat  hearts.  Hertting  (1965)  labelled  the  amine  stores  of  isolated 
perfused  rat  hearts  and  analysed  the  subsequent  efflux  of  tritiated  amine. 

3  . 

Immediately  after  cessation  of  infusion  of  H-NA,  radioactivity  in  the 

effluent  was  at  a  high  level  and  declined  in  an  exponential  manner. 

However,  in  contrast  to  results  obtained  by  following  the  decline  in  tissue 

3 

content  of  H-NA  an  initial  rapid  component  to  the  efflux  curve  was  noted. 

3 

This  phase  reflected  the  loss  of  H-NA  from  the  extracellular  fluid  as  shown 
14  . 

by  the  use  of  C-sorbitol  and  tritiated  water  (Iversen  1965b  and  Hertting 
1965).  As  in  the  previous  studies  multiple  compartmental ization  was 
apparent  from  the  shape  of  the  efflux  curve.  Efflux  curves  of  a  similar 
nature  were  demonstrated  in  the  present  studies  (Fig.  2)  and  by  Titus  et  al 
(1966). 

IV  (b)  Perfusion  with  Calcium  Free  Media 

Removal  of  calcium  from  perfusion  fluids  is  known  to  abolish  mechanical 
activity  (Ringer  1883)  and  only  slightly  modify  electrical  activity  in  heart 
muscle  preparations  (Mines  1913).  The  involvement  of  calcium  in  the 
contractile  events  in  skeletal  muscle  is  more  complex.  Edman  and 
Grieve  (1963)  demonstrated  that  frog  sartorius  muscle  after  equilibration 
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with  a  calcium  free  medium  did  not  respond  either  electrically  or  mechanically  to 
electrical  stimulation.  Frank  (1961)  reported  that  muscles  soeaked  in  calcium  free 
media  did  not  respond  to  potassium  depolarisation.  Consequently  calcium  is  involved 
not  only  in  production  of  the  action  potential  but  also  in  the  process  of 
excitation-contraction  coupling  that  follow  a  depolarisation.  In  smooth  muscle  the 
rather  complex  picture  may  be  summarised  by  saying  that  calcium  is  essential  for  the 
events  which  initiate  and  control  the  contractions  of  smooth  muscle  (see  Bohr  1964  for 
review).  According  to  Shanes  (1958)  low  calcium  media  will  unstabilise  neuronal 
membranes  and  render  them  leaky.  Calcium  free  media  are  also  reported  in  certain 
instances  to  produce  a  fall  in  resting  membrane  potential  (Edman  and  Grieve  1961, 
Weidman  1955). 

Perfusion  of  rat  hearts  with  calcium  free  media  in  the  present  series  of 

3 

experiments  produced  a  slightly  higher  rate  of  efflux  of  H-NA.  The  addition  of 
0.2  mM  Na2EDTA  to  a  calcium  free  medium  did  not  increase  the  release  above  that 
produced  by  calcium  free  Krebs  alone.  Fig.  3  shows  the  efflux  of  tritiated  amine 
when  0.2  mM  Is^EDTA  was  added  to  calcium  free  Krebs  in  comparison  to  an  efflux 
produced  by  normal  Krebs  perfusion  containing  2.5  mM  calcium.  Figs.  10  and  12 
also  demonstrate  the  increased  efflux  caused  by  perfusion  with  calcium  free  medium 
as  opposed  to  normal  Krebs.  However,  addition  of  2  mM  I^^EDTA  to  a  calcium 
free  perfusion  medium  markedly  increased  the  rate  of  efflux  of  the  tritiated  amine. 
IS^EDTA  has  equivalent  ability  to  complex  calcium  and  magnesium  ions,  therefore 
it  was  necessary  to  investigate  whether  the  elevated  release  in  the  presence  of 
Na2EDTA  could  be  mediated  through  an  action  involving  magnesium,  calcium  or 
some  other  effect  due  to  Na2EDlA  per  se .  The  chelating  agent  EGTA  has  equivalent 
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ability  to  complex  calcium  and  less  ability  to  complex  magnesium.  Addition  of  either 

2  mM  Na2EDTA  or  2  mM  EGTA  to  hearts  perfused  with  a  calcium  free  medium  evoked 

release  of  approximately  the  same  magnitude  and  suggest  that  the  actions  of  Na^EDTA 

were  more  likely  on  calcium  and  not  magnesium  in  view  of  equal  affinities  of  Na2EDTA 

and  EGTA  for  calcium  ions.  This,  however,  does  not  rule  out  the  possibility  that  both 

Na^EDTA  and  EGTA  may  be  stimulating  release  through  another  independent  unknown 

mechanism.  In  order  to  investigate  further  the  releasing  action  of  In^EDTA  hearts 

were  perfused  with  a  calcium  free  Krebs  medium  containing  2  mM  (v^EDTA  after 

initial  perfusion  with  normal  Krebs.  Changing  the  perfusion  medium  to  calcium  free 

3 

Krebs  containing  no  In^EDTA  the  efflux  of  H-NA  decreased  but  in  hearts  perfused 

with  calcium  free  Krebs  containing  2  mM  In^EDTA  the  release  was  sustained  (Fig. 4). 

Thus  it  appears  that  Na2EDTA  has  some  additional  releasing  action  of  its  own  when 

added  to  a  calcium  free  perfusion  medium.  If  calcium  ions  have  the  ability  to 

stabilise  a  leaky  membrane  as  was  suggested  by  Shanes  (1958)  then  replacement  of 

calcium  after  a  period  of  perfusion  with  calcium  free  medium  should  reduce  the  output 

of  tritiated  amine.  Figs.  5  and  6  demonstrate  this  type  of  effect.  Fig.  5  represents 

the  effect  illustrated  from  treatment  of  individual  heart  preparations  and  Fig.  6  the 

effect  from  continuous  treatment  of  single  hearts  in  the  form  of  a  crossover  experiment. 

3 

The  elevation  of  spontaneous  efflux  of  H-NA  observed  in  a  calcium  free  medium  in 

the  present  experiments  has  also  been  reported  by  Boullin  and  Brodie  (1965)  in  the 

isolated  vascular  bed  of  the  cat  colon.  Reduction  of  the  calcium  concentration  in 

the  perfusion  fluid  either  with  or  without  the  addition  of  Na^EDTA  produced  at  least 

3 

two  effects  in  the  present  series  of  experiments.  The  increased  efflux  of  H-NA  in 
calcium  free  media  may  be  due  to  unstabilisation  of  the  neuronal  membrane. 
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Furthermore,  the  lack  of  stimulation  observed  in  calcium  free  media  may  indicate  a 

3 

role  of  calcium  in  the  intimate  events  linking  stimulation  with  secretion  of  H-NA, 
or  may  reflect  the  inability  of  the  unstable  neuronal  membrane  to  adequately  deal 
with  the  applied  stimulus. 

The  actions  of  calcium  at  the  granule  level  are  by  no  means  clear. 

In  bovine  chromaffin  granules  Phillipu  and  Schumann  (1962)  obtained  a  dose  related 
release  of  catecholamines  from  50-150%  above  control  with  increasing  concentrations 
of  calcium  from  2.5-  12  .5  mM.  Other  workers  (Hillarp  1958,  Eade  1957,  Carlsson 
et  al  1963)  observed  a  negligible  release;  however,  they  used  lower  concentrations 
in  the  range  from  1  .0  -  5.0  mM.  Greenberg  and  Kolen  (1966)  studied  catecholamine 
release  from  isolated  rat  chromaffin  granules  suspended  in  various  electrolyte  media 
In  place  of  sucrose,  as  used  by  the  above  workers.  They  found  that  an  increase  in 
catecholamine  release  from  granules  occurred  in  NaCI-tris  media  and  an  inhibition 
in  KCI-tris  media  with  increasing  concentrations  of  calcium  from  0.0025  -  25  mM. 
However,  the  increase  or  decrease  in  release  in  either  case  was  no  more  than 
10-15%  of  control  spontaneous  release  at  37°  C  which  is  in  contrast  to  a  more  than 
100  fold  increase  observed  in  the  efflux  of  catecholamines  from  the  intact  adrenal 
gland  observed  by  Douglas  and  Rubin  (1964)  in  response  to  the  addition  of  calcium 
to  a  calcium  free  perfusion  medium.  Schumann  et  al  (1964)  have  reported  that 
nerve  granules  from  splenic  nerve  preparations  were  quite  refractory  to  changes 


in  calcium  concentrations  in  vitro. 
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in  view  of  the  conflicting  reports  concerning  the  involvement  of 
calcium  at  the  granule  level  it  is  not  possible  to  explain  the  effects  observed 
in  the  present  studies  by  reference  to  isolated  granule  activity  alone. 
Furthermore,  it  is  most  likely  that  more  than  one  role  is  fulfilled  by  calcium  in 
the  events  which  lead  to  the  release  of  transmitter  substances  and  endocrine 
secretions . 

Iv  (c)  Substitution  of  Strontium  and  Barium  for  Calcium 

A  large  number  of  multivalent  cations  including  strontium  have 

the  ability  to  restore  potassium  induced  contractures  in  skeletal  muscle  when 

added  to  calcium  free  solutions  (Frank  1961).  The  introduction  of  barium 

chloride  by  means  of  a  micropipette  into  a  living  muscle  was  shown  by  Heilbrunn 

and  Wieninska  (1947)  to  cause  shortening  of  the  myoplasm  -  an  effect  first 

observed  with  calcium  chloride.  Sodium,  potassium  and  magnesium 

introduced  in  a  similar  manner  were  unable  to  elicit  such  a  response.  In 

certain  smooth  muscle  preparations  strontium  and  barium  have  the  ability  to 

maintain  drug  induced  contractures  in  a  calcium  free  medium  (Daniel  1963). 

In  a  variety  of  species  and  preparations  the  contractibil ity  of  heart  muscle 

can  be  maintained  by  substitution  of  strontium  for  calcium.  A  positive 

inotropic  effect  of  strontium  has  been  demonstrated  on  other  cardiac  muscle 

preparations  stimulated  at  a  given  frequency  (Garb  1951,  Nayler  and  Emory 

1962).  The  possibility  that  strontium  could  substitute  for  calcium  in  the 

3 

release  of  H-NA  was  investigated  in  the  present  experiments  in  two 
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different  ways.  First  the  stabilising  action  of  adding  calcium  to  a  calcium 
free  perfusion  medium  was  extended  by  substituting  strontium  for  calcium 
after  the  period  of  perfusion  with  calcium  free  medium.  Secondly  the 
ability  of  strontium  to  substitute  for  calcium  during  stimulated  release  of 

3 

H-NA  was  investigated  (section  IV  (d)  ).  In  Fig.  7  the  effect  of  adding 

strontium  after  a  period  of  perfusion  with  calcium  free  Krebs  +  2  mM  In^EDTA 

is  illustrated .  In  view  of  the  additional  stimulating  effect  of  2  mM  Na2EDTA 

alone  (even  in  a  calcium  free  medium)  it  is  not  possible  to  determine  from 

these  results  alone  whether  or  not  strontium  is  able  to  substitute  for  calcium 

3 

ions  which  may  be  involved  in  the  spontaneous  release  of  H-NA.  The 
matter  is  further  discussed  in  Section  IV  (d). 

The  effects  of  barium  on  uterine  smooth  muscle  are  quite 
distinct  from  those  of  strontium.  At  concentrations  similar  to  that  of  calcium 
in  Krebs  medium  barium  behaves  as  if  it  produces  depolarisation  and 
contracture  (Daniel  1963).  Takeshige  et  al  (1964)  demonstrated  a  stimulation 
of  cat  superior  cervical  ganglion  when  perfused  with  barium  chloride  media. 
The  resultant  depolarisation  and  postganglionic  firing  of  the  ganglion  were 
attributed  to  any  one  of  three  possible  mechanisms.  The  first  considered  the 
possibility  that  barium  acted  by  releasing  acetylcholine  from  preganglionic 
nerve  endings  (Douglas  et  al  1961,  Teitel  1961).  Secondly  it  was  suggested 
the  response  to  barium  resulted  from  a  penetration  by  the  divalent  cation  of 
ganglionic  cellular  membranes.  Thirdly  the  neuronal  hyperirritability 
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caused  by  barium  could  be  attributed  to  a  decrease  in  the  permeability  of  the 
neural  membranes  to  potassium  ions  resulting  in  depolarisation  and 

3 

postganglionic  firing  (Shanes  1958).  The  stimulation  of  release  of  H-NA 
observed  in  the  present  experiments  (Figs.  8  and  9)  may  be  due  to  any  of  the 
three  explanations  listed  above.  Douglas  (1966)  observed  a  release  of 
catecholamines  from  the  adrenal  medulla  in  response  to  varying  concentrations 
of  ba  rium  in  a  calcium  free  medium.  This  secretory  action  of  barium  was 
postulated  to  be  due  to  a  displacement  of  membrane  calcium  and  subsequent 
entry  of  barium  ion  into  the  chromaffin  cell  which  then  activated  a 
catecholamine  extrusion  mechanism.  Furthermore,  Douglas  (1966)  also  found 
that  strontium,  unlike  barium,  acted  in  a  similar  manner  to  calcium  in  that 
strontium  required  the  presence  of  a  stimulatory  agent  (e.g.  excess  potassium) 
in  order  to  promote  extrusion  of  catecholamines. 

IV  (d)  Calcium  involvement  in  stimulated  release 

High  concentrations  of  potassium  ion  (59  mM),  which  may  be 

3 

assumed  to  depolarise,  caused  a  stimulated  release  of  H-NA  above  the  control 
value  obtained  by  perfusion  with  normal  Krebs  (Fig.  10).  Furthermore, 
removal  of  calcium  from  the  perfusion  medium  caused  an  elevation  of  the 
spontaneous  efflux  of  tritiated  amine  but  the  response  to  potassium  stimulation 
in  the  calcium  free  medium  was  almost  completely  abolished.  Although  not 
illustrated,  further  experiments  demonstrated  that  the  potassium  induced 
response  was  abolished  only  when  at  least  thirty  minutes  of  calcium  free  Krebs 
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perfusion  preceeded  the  stimulus.  The  response  to  59  mM  potassium  was  still 

evident  when  a  calcium  containing  medium  (2.5  mM)  was  perfused  prior  to 

the  stimulus  despite  the  fact  that  the  stimulus  was  introduced  in  a  calcium 

free  medium  (i  .e  .  59  mM  potassium,  calcium  free  Krebs) .  It  is  unlikely  that 

3 

the  nerve  endings  were  depleted  of  H-NA  after  perfusion  with  calcium  free 
medium  in  view  of  the  results  obtained  in  the  extended  crossover  experiment 
(Fig.  6). 

In  view  of  the  similarities  noted  above  (Sections  IV  (a),  (b) 

and  (c)  in  the  actions  of  strontium  and  calcium  it  is  interesting  to  observe  the 

similarity  in  efflux  curves  obtained  by  perfusion  with  normal  Krebs 

(containing  2.5  mM  calcium)  and  strontium  substituted  Krebs  (containing  no 

calcium  but  2  .5  mM  strontium) .  Figs.  10  and  1 1  also  show  that  calcium 

free  Krebs  perfusion  resulted  in  an  increased  spontaneous  release  above  the 

control  but  did  not  permit  an  increased  efflux  of  tritiated  amine  during 

stimulation.  Further  evidence  for  the  critical  involvement  of  calcium  in  the 

3 

release  of  H-NA  was  obtained  from  the  use  of  another  stimulating  agent. 

Laevo-noradrenaline  has  been  shown  to  cause  a  stimulated  increase  in  efflux 
3 

of  H-NA  from  isolated  heart  preparations  (Daly  et  al  1966).  When 
introduced  into  normal  Krebs  perfusion  medium  l-noradrenaline  caused  an 
increase  in  efflux  as  shown  in  Fig.  12.  Hearts  perfused  with  a  calcium  free 
medium  released  less  of  the  tritiated  amine  in  response  to  the  stimulating 
dose  of  NA.  If  2  mM  Na^EDTA  was  added  to  the  calcium  free  perfusion 
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medium  the  response  to  NA  was  abolished  (Fig.  13).  As  in  the  experiments 
involving  potassium  stimulation,  the  releasing  effect  of  NA  was  also  evident 
in  a  strontium  substituted  perfusion  medium.  Hukovic  and  Muscholl  (1962) 
using  isolated  perfused  rabbit  hearts  have  reported  that  lowering  the  calcium 
concentration  of  the  perfusion  medium  to  one  quarter  of  its  conventional 
value  approximately  halved  the  output  of  NA  in  response  to  stimulation  of 
cardiac  nerves. 

The  results  above  involving  characteristic  ionic  dependence  of 

stimulated  release  are  also  in  agreement  with  the  work  of  Boullin  and  Brodie 

3 

(1965)  who  demonstrated  an  increased  spontaneous  efflux  of  H-NA  from 
the  isolated  cat  colon  when  perfused  with  a  calcium  free  medium.  They 
also  showed  that  stimulation  of  the  inferior  mesenteric  nerve  did  not  release 
tritiated  amine  when  a  calcium  free  medium  perfused  the  tissue.  A  further 
similarity  was  the  stimulatory  action  of  barium  ion  on  the  release  of  labelled 
NA  from  the  isolated  cat  colon.  Kirpekar  et  al  (1966)  have  observed  an 
increased  efflux  of  NA  in  response  to  stimulation  of  the  splenic  nerve  in  an 
isolated  spleen  preparation.  When  a  calcium  free  medium  perfused  the 
tissue  nerve  stimulation  reduced  the  NA  efflux  by  90%. 

The  involvement  of  calcium  ions  in  the  release  of  catecholamines 
from  the  adrenal  medulla  has  been  reviewed  recently  by  Douglas  (1966). 

He  found  that  acetylcholine,  the  physiological  stimulus  causing  the  chromaffin 
cell  to  release  catecholamines,  was  ineffective  in  the  absence  of  calcium; 
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that  the  response  to  acetylcholine  increased  with  increasing  calcium 

45 

concentrations  over  a  wide  range;  that  acetylcholine  increased  the  Ca 
uptake  in  the  medulla  and  that  calcium,  strontium  and  barium  were  capable 
of  evoking  catecholamine  secretion  in  appropriate  circumstances  in  the 
absence  of  medullary  secretogogues.  In  summary,  it  was  concluded  that 
the  influx  of  calcium  was  responsible  for  initiating  catecholamine  release. 
The  present  studies  do  not  substantiate  all  of  the  conclusions  of  Douglas 
(1966).  When  a  calcium  containing  medium  was  introduced  after  perfusion 
of  hearts  with  either  calcium  free  or  calcium  free  +  2  mM  Na^EDTA  Krebs, 
no  stimulation  of  release  was  observed.  However,  agreement  is  found 
with  results  which  suggest  the  necessity  for  calcium  at  some  site  during 
stimulated  release  with  either  potassium  or  NA  (Figs.  10,  12  and  13). 

This  may  represent  calcium  bound  within  the  cell  membrane  or  a  granule 
complex,  and  involved  in  the  extrusion  of  either  the  ruptured  granule  or 
the  whole  granule.  It  may  also  represent  a  functional  component  of  the 
extrusion  process  at  the  ner/e  membrane  or  be  involved  in  the  mobilisation 
of  the  granule-bound  and  mobile  pools  of  NA  within  the  nerve  terminal  . 

IV  (e)  Further  ionic  requirements  during  release 

The  ionic  requirements  for  the  release  of  acetylcholine  from 
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motor  nerve  terminals  has  been  recently  shown  by  Gage  and  Quastel  (1965) 
and  Birks  and  Cohen  (1965)  to  be  dependent  on  external  sodium  concentration. 
The  results  of  Birks  and  Cohen  (1965)  demonstrated  that  reduction  of  the 
extracellular  sodium  ion  concentration  in  a  low  calcium  medium  increased 
the  spontaneous  release  of  transmitter  from  motor  nerve  terminals.  When  the 
extracellular  sodium  content  of  the  perfusion  medium  was  reduced  in  the 
present  experiments  an  increased  efflux  of  tritiated  amine  was  demonstrated 
(Fig.  15).  Birks  and  Cohen  (1965)  suggest  that  the  stimulating  action  of  a 
decrease  in  sodium  in  a  low  calcium  media  in  motor  nerve  terminals  may  be 
related  to  changes  in  calcium  availability  within  the  nerve  terminal  .  In  a 
normal  calcium  containing  media  the  stimulating  effect  of  low  sodium  is  less 
striking  or  absent.  They  assume  that  the  amount  of  acetylcholine  released 
is  ultimately  determined  by  the  amount  of  calcium  displaced  from  the  motor 
nerve  terminal  .  Luttgau  and  Niedergerke  (1958)  proposed  that  the  increase 
in  contractile  response  of  heart  muscle  that  occurs  in  sodium  deficient 
solutions  was  a  function  of  the  availability  of  membrane-bound  calcium,  the 
inward  movement  of  which  initiates  contraction.  In  the  absence  of  external 
sodium  more  sites  were  readily  saturable  by  calcium  and  hence  able  to 
increase  the  contractile  response  of  the  muscle.  In  the  motor  nerve  terminal 
it  was  postulated  (Birks  and  Cohen  1965)  that  a  similar  situation  existed  and 
that  in  low  sodium  media,  calcium  was  more  readily  available  to  initiate 
release  because  of  its  lack  of  competition  with  sodium  for  binding  sites. 
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!n  a  low  sodium  media  containing  norma!  amounts  of  calcium  it  is  plausible 
that  release  may  be  enhanced  through  greater  calcium  binding  and  subsequent 
mobilisation  in  a  similar  manner  to  that  postulated  for  release  of  acetylcholine. 

High  concentrations  of  magnesium  ion  have  been  shown  by 
Douglas  and  Rubin  (1964)  to  have  little  effect  on  spontaneous  release  of 
catecholamine  from  adrenal  glands  perfused  with  either  calcium  containing 
or  calcium  free  Krebs.  However,  magnesium  was  shown  by  these  workers  to 
be  inhibitory  on  the  stimulated  release  of  catecholamines  produced  by  either 
potassium  or  acetylcholine.  On  the  other  hand  Schumann  and  Philippu 
(1963)  have  observed  stimulant  effects  of  magnesium  on  catecholamine 

3 

release.  Fig,  16  shows  an  increased  efflux  of  H-NA  when  high 
concentrations  of  magnesium  were  employed.  It  appears  that  magnesium 
has  the  ability  to  enhance  efflux  but  in  order  to  attain  a  high  concentration 
of  magnesium  and  maintain  tonicity  it  is  necessary  to  replace  practically  all 
the  sodium.  Thus  the  experiment  is  similar  to  the  one  mentioned  above 
(Fig.  15)  using  a  sodium  free  solution.  The  explanation  for  this  additional 
release  in  sodium  free  media  containing  excess  magnesium  is  not  apparent. 

IV  (f)  Release  of  tritiated  Noradrenaline  and  Acetylcholine 

In  atropinised  isolated  mammalian  hearts  acetylcholine  is  known 
to  cause  increases  in  rate  and  tension  (Hoffman  et  al  1945;  Richardson  et  al 
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1959).  In  these  preparations  a  release  of  NA  has  been  demonstrated 

3 

(Angelakos  and  Bloomquist  1965).  The  release  of  H-NA  demonstrated 

in  Fig.  17  is  consistent  with  the  above  findings  and  illustrates  one  further 

point.  Acetylcholine  infusion  into  non-atropinised  preparations  caused 

a  cessation  of  mechanical  activity  in  contrast  to  the  increase  in  rate 

3 

produced  in  atropinised  preparations.  The  release  of  H-NA  in  response 
to  acetylcholine  in  each  case  (i.e.  atropinised  or  non-atropinised)  was 
of  the  same  order  of  magnitude  and  eliminates  the  possibility  that  observed 
release  in  instances  where  increased  mechanical  activity  occurs  may  be 
due  to  physical  compression  of  tissue  leading  to  increased  efflux.  The  site 
of  action  of  acetylcholine  is  not  evident  from  the  present  results.  In  the 
adrenal  medulla  Douglas  (1966)  suggested  that  acetylcholine  induced 
secretions  of  catecholamines  were  due  to  an  increase  in  permeability  of 
the  chromaffin  cell  membrane  and  subsequent  entry  of  calcium  ions. 

Normal  Krebs  medium  employed  in  the  present  studies  contains  calcium 
and  other  cations  and  without  further  evidence  it  is  not  possible  to 
speculate  that  calcium  ion  alone  was  the  only  one  involved  in  acetylcholine 


induced  release  of  tritiated  amine. 


;  ■  II 


V  SUMMARY  AND  CONCLUSIONS 


The  rate  of  efflux  of  H-NA  from  isolated  perfused  rat  hearts 


was  found  to  be  dependent  upon  the  ionic  composition  of  the  perfusion  medium 


3 

2.  The  rate  of  release  of  H-NA  was  elevated  by  the  removal  of 

calcium  from  the  perfusion  medium.  Addition  of  varying  quantities  of 
Na2EDTA  to  a  calcium  free  medium  elevated  the  release  above  that  caused  by 
calcium  free  Krebs  alone.  The  increase  in  efflux  caused  by  perfusing  the 
hearts  with  calcium  free  media  was  reversible  upon  replacing  calcium.  The 
stimulating  action  of  Na^EDTA  was  also  reversible  when  the  chelating  agent 
was  removed  from  the  perfusion  media. 


3.  Stimulated  release  of  H-NA  either  by  the  addition  of 

l-noradrenaline  or  excess  potassium  ions  was  reduced  in  the  former  and 
abolished  in  the  latter  case  when  calcium  was  omitted  from  the  perfusion 
medium.  Strontium  ions  were  able  to  substitute  for  calcium  in  maintaining 
stimulated  release  with  either  of  the  above  agents.  Substitution  of  barium 
for  calcium  in  the  perfusing  medium  caused  a  marked  stimulation  of  efflux  of 


’H-NA. 


4. 


Perfusion  with  Krebs  containing  a  low  concentration  of  sodium 


(tonicity  being  maintained  with  sucrose)  increased  the  efflux  of  H-NA 
above  control  levels  obtained  by  perfusion  with  normal  Krebs.  A  more 
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pronounced  release  of  H-NA  was  demonstrated  in  response  to  perfusion  with 
a  low  sodium  medium  containing  a  high  concentration  of  magnesium. 

5.  Acetylcholine  infused  at  concentrations  of  50  jjg/ml  and  100  |;g/ml 

3 

caused  an  approximately  equal  increase  in  efflux  of  H-NA  in  atropinised  and 
non-atropinised  preparations.  It  was  concluded  therefore  that  the  rate  of 
beating  of  the  hearts  was  not  a  factor  in  determining  the  rate  of  release  of  the 
tritiated  amine . 
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Preparation  of  Solutions 

All  perfusion  media  were  prepared  in  distilled  water  which  had 
been  passed  through  a  deionizer. 

Normal  Krebs-bicarbonate  Solution 

The  following  mixture  of  salts  was  dissolved  in  water  to  produce 


a  total  volume  of  1  litre: 

Sodium  Chloride  (NaCI)  82.60  grams 

Potassium  Chloride  (KCI)  4.22  " 

Calcium  Chloride  (CaC^)  3.36  " 

Potassium  Phosphate  (KH^PO^)  1.94  " 

Magnesium  Sulphate  (MgSO^  .  7H^O)  3.50  " 


Normal  Krebs-bicarbonate  solution  was  prepared  by  mixing 
100  ml  of  the  concentrated  solution,  900  ml  of  distilled  water,  2  grams  of 
glucose  and  5  grams  of  sodium  bicarbonate  contained  in  192  ml  of  distilled 
water.  The  pH  of  this  solution  was  7,6.  When  aerated  with  5%  CC>2  and 
95%  C>2 /  the  pH  was  7.35  to  7.40.  This  solution  contains  the  following 
millimolar  concentrations: 


NaCI  118  mM, 

KCI  4.7  mM,  CaCI2  2.5  mM, 

kh2po4 

1 .2  mM, 

MgSO  .  .7H_0  1.2  mM, 

4  2 

NaHC03 

25  mM, 

glucose  10  mM. 

cS . 
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An  acid  Krebs  medium  was  prepared  by  mixing  100  ml  of  the 
concentrated  salt  solution  with  900  ml  of  distilled  water  (pH  5 .5) . 

3 

Preparation  of  dl-  H-Noradrenal ine  for  Infusion 

The  tritiated  noradrenaline  contained  43  jjg  noradrenaline  per 
ml  (S.A.  4.27  C/m M) .  A  1:100  dilution  in  0.01N  HCI  of  this  solution 
contained  0.43  ug/ml  .  7.5  ml  of  this  solution  was  diluted  to  40  ml  with 

acid  Krebs  medium  (Krebs  medium  containing  no  glucose  or  bicarbonate). 

The  concentration  of  this  solution  was  80  ng  noradrenaline/ml  . 

The  infusion  rate  of  tritiated  amine  was  0.22  ml/min.  and 
this  was  further  diluted  by  the  perfusion  medium  entering  at  3  ml/min. 

The  final  concentration  of  noradrenaline  perfusing  the  heart  was 
5.5  ng  /ml/min . 

Acidified  Salt-Saturated  n-Butanol 

20  grams  of  NaCI  and  1  ml  of  concentrated  HCI  was  added 
to  500  ml  n-butanol  and  shaken  for  1  hour. 

Scintillation  Fluid 

The  scintillation  fluid  was  prepared  by  dissolving  100  grams 
naphthalene,  4.0  grams  PPO  (2,5  -  Diphenyloxazole)  and  0.1  grams  POPOP 
(1 ,4  -  Di  -  £  2  -  (5  -  phenyloxazolyl)^]  benzene)  in  1  litre  of  dioxane. 


. 
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Modified  Perfusion  Media 

(a)  Calcium  Free  Krebs-bicarbonafe  medium 

This  medium  was  prepared  by  the  omission  of  calcium  chloride 
from  a  normal  Krebs-bicarbonate  perfusion  medium.  Strontium  and  barium 
substituted  Krebs  media  were  prepared  by  the  addition  of  either  2.5  mM  or 
5  mM  strontium  chloride  or  barium  chloride  to  a  calcium  free  Krebs-bicarbonate 
solution  as  the  experimental  schedule  demanded. 

(b)  High  Potassium  Krebs  medium 

A  medium  containing  59  mM  potassium  was  prepared  by  the 
replacement  of  an  equivalent  amount  of  sodium  chloride  with  potassium 
chloride.  This  concentration  of  potassium  (59  mM)  was  maintained  in  calcium 
free  media  and  in  strontium  substituted  calcium  free  media. 

(c)  Low  Sodium  Krebs 

236  mM  sucrose  was  added  to  replace  1 18  mM  NaCI .  This 
solution  contained  25  mM  NaHCO^. 

(d)  Excess  Magnesium  Krebs 

In  order  to  maintain  tonicity  when  excess  magnesium  was 
employed,  a  sodium  free  medium  was  prepared  and  80  mM  magnesium  chloride 


added . 


: 

/ 
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APPENDIX  II 


TABLE  1 


Normal  Krebs  Perfusion 
Sample  Calculation 


Perfusion 

Heart 

Heart 

Average 

Average 

Efflux 

Procedure 

#1 

#2 

cpm 

count 

%  of 

cpm 

released 

cpm 

released 

released 

x  al  iquot 
factor 
(10.2) 

Total 

cpm 

associated 
with  hearts 

2,611 

3,173 

2,892 

29,498 

40.15 

448 

446 

447 

4,559 

6.21 

212 

255 

233 

2,377 

3.24 

168 

142 

155 

1,581 

2.15 

131 

96 

114 

1,163 

1 .58 

107 

102 

105 

1,071 

1.46 

Efflux 

97 

85 

82 

928 

1 .26 

3 

81 

70 

76 

775 

1.06 

of  H-NA 

70 

67 

69 

704 

0.96 

56 

55 

56 

571 

0.72 

during 

63 

71 

67 

683 

0.93 

40 

47 

44 

449 

0.61 

perfusion 

50 

48 

49 

500 

0.68 

47 

49 

48 

490 

0.66 

with  normal 

31 

42 

37 

377 

0.51 

43 

46 

45 

459 

0.62 

Krebs 

28 

50 

39 

398 

0.54 

30 

34 

32 

326 

0.44 

37 

33 

35 

357 

0.49 

34 

28 

31 

316 

0.43 

39 

25 

32 

326 

0.44 

35 

37 

36 

367 

0.49 

23 

38 

31 

316 

0.43 

18 

35 

27 

275 

0.37 

16 

24 

20 

204 

0.27 

18 

22 

20 

204 

0.27 

Average  Total  cpm  released  after  Infusion  =  50,204 

Average  cpm  left  In  heart  at  end  of  experiment  =  23,250 


Total  cpm  associated  with  hearts  73,454 


Data  plotted  in  Fig.  2 
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TABLE  2 


Comparison  of  Normal  Krebs,  Calcium  free  Krebs  and  Calcium  free  Krebs  + 
2  m M  Na2EDTA 


Perfusion 

Procedure 

%  Total 
cpm  released 

A 

n  =  4 

%  Total 
cpm  released 

B 

n  =  4 

%  Total 
cpm  released 
C 

n  =  2 

Hearts  A  Normal  Krebs 

28.88 

24.79 

24.31 

4.50 

4.34 

8.23 

2.69 

3.45 

4.52 

1  .96 

2.75 

3.20 

1 .09 

2.54 

2.74 

1.15 

1 .97 

2.27 

0.93 

1 .55 

2.28 

0.84 

1.24 

2.01 

0.71 

1 .32 

1 .95 

0.68 

0.95 

1 .98 

Hearts  B  Calcium  free 

0.63 

0.95 

2.11 

Krebs  +  0.2  mM  Na0EDTA 

0.58 

0.95 

1 .89 

0.56 

0.76 

1  .88 

0.52 

0.72 

1.71 

0.46 

0.67 

1 .88 

0.52 

0.69 

1 .76 

0.65 

0.61 

1  .58 

0.66 

0.51 

1 .47 

0.55 

0.60 

1 .33 

0.55 

0.54 

1 .37 

0.42 

0.55 

1 .35 

0.34 

0.47 

1.15 

0.39 

0.49 

1 .21 

Hearts  C  Calcium  free 

0.51 

0.43 

1 .09 

Krebs  +  2  mM  Na2EDTA 

0.34 

0.46 

0.86 

Data  plotted  in  Fig.  3 
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TABLE  3 


Replacement  of  Calcium  free  Krebs  alone  after  perfusion  with  Calcium  free 
Krebs  +  2  mM  Na2EDTA 


Perfusion 

%  Total 

%  Total 

Procedure 

cpm  released 

cpm  released 

A 

B 

n  =  2 

n  =  2 

Hearts  A  &  B  Normal  Krebs 

31.6 

31  .0 

6.03 

5.61 

3.39 

3.36 

2.27 

2.37 

1.72 

1 .89 

1 .44 

1 .44 

1 .22 

1.15 

.903 

1 .02 

.860 

.84 

.735 

.75 

Hearts  A  &  B  Calcium  free  Krebs  + 

.948 

1.25 

2  mM  Na0EDTA 

2.15 

2.54 

z 

1 .77 

2.04 

1.49 

1 .85 

1 .45 

1 .70 

1.46 

1 .60 

1 .46 

1 .70 

1.57 

1  .60 

Hearts  A  Calcium  free  Krebs  + 

1 .64 

0.94 

2  mM  Na^EDTA 

1 .77 

0.81 

2 

1  .74 

0.76 

Hearts  B  Calcium  free  Krebs  without 

1  .79 

0.71 

Na2  EDI  A 

1  .80 

0.51 

1 .77 

0.61 

1.90 

0.49 

2.04 

0.51 

Data  plotted  in  Fig.  4 
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TABLE  4 


Calcium  free  +  2  m M  In^EDTA  and  Normal  Krebs  Crossover  Experiments 


Perfusion 

%  Total 

%  Total 

Perfusion 

%  Total 

%  Total 

Procedure  c 

pm  released 

cpm  released 

Procedure 

cpm  released 

cpm  released 

A 

B 

C 

D 

n  =  3 

n  =  1 

n  =  2 

n  =  2 

Hearts  A  &  B 

38.2 

35.4 

Hearts  C  &  D 

15.75 

18.41 

Calcium  free 

8.59 

7.68 

Normal  Krebs 

3.99 

5.93 

Krebs  +  2  mM 

6.56 

6.35 

2.55 

3.78 

Na2EDTA 

4.01 

4.14 

1 .81 

2.12 

3.44 

3.06 

1 .31 

1  .46 

3.12 

2.90 

1  .03 

1 .03 

2.85 

2.66 

0.79 

1.14 

2.49 

2.43 

0.72 

0.88 

2.84 

2.13 

0.67 

0.79 

2.71 

2.12 

0.59 

0.76 

Hearts  A 

2.13 

1  .83 

Hearts  C 

0.57 

0.61 

Normal  Krebs 

1  .69 

1 .95 

Calcium  free 

2.23 

0.50 

Hearts  B 
Calcium  free 

1.14 

1 .74 

Krebs  +  2  mM 

2.24 

0.61 

0.9 

1  .76 

Na2EDTA 

2.05 

0.56 

Krebs  +  2  mM 

0.63 

0.52 

1 .64 

1  .64 

Hearts  D 

1 .92 

1 .72 

0.60 

0.61 

Na2EDTA 

0.48 

1  .54 

Normal  Krebs 

1  .89 

0.70 

0.45 

1  .26 

1 .97 

0.64 

Hearts  A  &  B 

0.40 

1  .41 

Hearts  C  &  D 

2.42 

0.62 

Normal  Krebs 

0.41 

1  .48 

Normal  Krebs 

2.45 

0.55 

0.51 

1  .45 

1 .79 

0.44 

0.70 

1 .35 

1  .32 

0.47 

0.85 

1  .06 

1 .40 

0.60 

1  .08 

0.94 

1.24 

0.60 

1  .21 

0.99 

1.16 

0.58 

1  .23 

0.94 

1.10 

0.58 

Data  plotted  in  Fig.  5 
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TABLE  5 


Extended  Crossover  Experiments  involving  Calcium  free.  Calcium  free  + 
2  mM  Na^EDTA  and  Normal  Krebs 


Perfusion 

%  Total 

%  Total 

Procedure 

cpm  released 

cpm  released 

A 

B 

n  =  2 

n  =  2 

Hearts  A  Normal  Krebs 

27.12 

29.97 

4.805 

7.16 

Hearts  B  Calcium  free  Krebs 

2.52 

4.23 

1 .68 

2.63 

1  .54 

1 .93 

1 .23 

1.59 

1.16 

1.53 

1 .01 

1 .39 

0.81 

1.33 

0.75 

1.23 

Hearts  A  Calcium  free  Krebs 

1 .02 

1.04 

1 .87 

0.93 

Hearts  B  Normal  Krebs 

1  .53 

0.92 

1 .33 

1 .03 

1.11 

0.91 

Hearts  A  Normal  Krebs 

0.94 

0.94 

0.61 

0.75 

Hearts  B  Calcium  free  Krebs 

0.65 

0.69 

0.66 

0.78 

0.47 

0.65 

Hearts  A  Normal  Krebs 

0.53 

0.76 

0.44 

1.15 

Hearts  B  Calcium  free  Krebs  + 

0.54 

1 .44 

2  mM  Na0EDTA 

0.35 

1.37 

0.36 

1 .49 

Hearts  A  Calcium  free  Krebs  + 

1  .02 

1 .69 

2  mM  Na0EDTA 

1  .50 

1  .05 

6.65 

0.81 

Hearts  B  Normal  Krebs 

0.99 

0.53 

CN 

00 

0.58 

Data  plotted  in  Fig.  6 
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TABLE  6 


Replacement-  of  Calcium  with  Strontium 


Perfusion 

%  Total 

%  Total 

Procedure 

cpm  released 

cpm  released 

A 

B 

n  =  3 

n  =  1 

Hearts  A  &  B  Calcium  free  Krebs  + 

45.20 

48.54 

2  mM  Na9EDTA 

14.15 

12.06 

7.07 

6.01 

4.41 

3.38 

3.55 

3.02 

2.72 

2.42 

2.35 

2.39 

1  .81 

2.10 

1  .48 

1  .35 

1  .22 

1 .27 

Hearts  A  2.5  mM  Strontium  (Normal) 

1  .27 

0.89 

0.98 

0.97 

Hearts  B  Calcium  free  Krebs  + 

0.80 

0.93 

2  mM  Na0EDTA 

0.63 

0.80 

z 

0.42 

0.61 

0.37 

0.55 

0.35 

0.80 

0.30 

0.73 

Hearts  A  &  B  Calcium  free  Krebs  + 

0.33 

1  .00 

2  mM  Na9EDTA 

0.30 

1 .08 

0.33 

1  .00 

0.41 

0.97 

0.38 

0.93 

0.41 

0.87 

0.55 

0.94 

0.60 

0.64 

Data  plotted  in  Fig.  7 
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TABLE  7 


Effect  of  Replacing  Calcium  (2.5  mM)  with  Barium  (2.5  mM) 


Perfusion 

%  Total 

%  Total 

Procedure 

cpm  released 

cpm  released 

A 

B 

n  =  6 

n  =  2 

Hearts  A  &  B  Normal  Krebs 

25.19 

31.18 

6.65 

5.29 

4.17 

2.47 

2.27 

1.97 

2.18 

1.38 

1.67 

1 .36 

1.34 

1 .21 

1 .02 

0.75 

0.96 

0.85 

0.69 

0.75 

Hearts  A  Calcium  free  Krebs  containing 

0.67 

0.69 

2  .5  mM  Barium 

0.89 

0.55 

, 

1 .43 

0.56 

Hearts  B  Normal  Krebs 

1.37 

0.50 

0.93 

0.43 

0.86 

0.41 

0.76 

0.42 

0.73 

0.42 

Hearts  A  &  B  Normal  Krebs 

0.67 

0.45 

0.66 

0.29 

0.73 

0.43 

0.75 

0.27 

0.73 

0.40 

0.73 

0.33 

0.65 

0.26 

0.71 

0.28 

Data  plotted  in  Fig.  8 
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TABLE  8 


Effect  of  Barium  (5.0  mM)  added  to  Calcium  free  Krebs 


Perfusion 

Procedure 

%  Total 
cpm  released 

A 

n  =  3 

%  Total 
cpm  released 

B 

n  =  1 

Hearts  A  &  B  Normal  Krebs 

39.65 

36.11 

7.55 

5.76 

4.02 

3.28 

2.40 

2.]9 

1 .75 

2.19 

1.53 

1.20 

1.17 

1.28 

1.10 

0.73 

0.81 

0.82 

0.80 

0.75 

Hearts  A  Calcium  free  Krebs  containing 

0.75 

0.64 

5.0  mM  Barium 

4.38 

0.53 

3.02 

0.53 

Hearts  B  Normal  Krebs 

2.42 

0.56 

2.24 

0.57 

1 .93 

0.64 

1 .83 

0.48 

1 .45 

0.54 

Hearts  A  &  B  Normal  Krebs 

1.27 

0.41 

0.99 

0.50 

0.65 

0.46 

0.33 

0.41 

0.35 

0.47 

0.32 

0.45 

0.28 

0.48 

0.25 

0.27 

Data  plotted  in  Fig.  9 
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TABLE  9 


Potassium  stimulated  Release  during  perfusion  with  Normal  and  Calcium  free 
Krebs 


Perfusion 

%  Total 

%  Total 

Procedure 

cpm  released 

cpm  released 

A 

B 

n  =  4 

n  =  2 

Hearts  A  Normal  Krebs 

26.98 

38.23 

4.65 

5.92 

Hearts  B  Calcium  free  Krebs 

2.61 

4.16 

1.79 

2.80 

1 .49 

2.27 

1  .21 

1 .69 

0.96 

1 .55 

0.74 

1.21 

0.64 

1.14 

0.51 

0.95 

Hearts  A  59  mM  Potassium  Krebs 

0.62 

0.86 

1.17 

0.74 

Hearts  B  59  mM  Potassium  in 

0.94 

0.70 

Calcium  free  Krebs 

0.915 

0.83 

0.66 

0.79 

0.61 

0.69 

0.48 

0.61 

0.55 

0.63 

Hearts  A  Normal  Krebs 

0.44 

0.59 

0.44 

0.59 

Hearts  B  Calcium  free  Krebs 

0.34 

0.57 

0.28 

0.48 

0.27 

0.47 

0.32 

0.45 

0.25 

0.47 

0.26 

0.37 

Data  plotted  in  Fig.  10 
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TABLE  10 


Strontium  substituted  Krebs  and  stimulation  by  Potassium 


Perfusion 

%  Total 

%  Total 

Procedure 

cpm  released 

cpm  released 

A 

B 

n  =  2 

n  =  2 

Hearts  A  Calcium  free  Krebs 

38.69 

38.94 

7.87 

6.24 

Hearts  B  Strontium  (2.5  mM)  substituted 

4.09 

3.33 

Calcium  free  Krebs 

2.90 

2.01 

2.13 

1.64 

1 .73 

1.38 

1 .47 

0.96 

1.25 

0.67 

1.09 

0.67 

0.79 

0.63 

Hearts  A  59  mM  Potassium  in 

0.79 

0.91 

Calcium  free  Krebs 

0.72 

2.86 

0.62 

1.45 

Hearts  B  59  mM  Potassium  in  Strontium 

0.55 

1.21 

(2.5  mM)  substituted  Calcium  free  Krebs 

0.78 

1.13 

0.38 

0.99 

0.39 

0.76 

0.43 

0.61 

Hearts  A  Calcium  free  Krebs 

0.38 

0.70 

0.31 

0.61 

Hearts  B  Strontium  (2.5  mM)  substituted 

0.32 

0.59 

Calcium  free  Krebs 

0.31 

0.46 

0.25 

0.40 

0.33 

0.48 

0.27 

0.48 

0.26 

0.48 

Data  plotted  in  Fig.  11 
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TABLE  11 


Perfusion  with  Calcium  free  Krebs  and  the  stimulating  action  of  Noradrenaline 


Perfusion 

%  Total 

%  Total 

Procedure 

cpm  released 

cpm  released 

A 

B 

n  -  6 

n  =  4 

Hearts  A  Normal  Krebs 

21  .88 

33.91 

4.88 

4.13 

Hearts  B  Calcium  free  Krebs 

3.14 

2.56 

2.12 

2.07 

1 .59 

1.40 

1 .39 

1.18 

1.18 

1.15 

0.89 

0.99 

0.77 

0.83 

0.66 

0.87 

1 .27 

1  .22 

Hearts  A  &  B  1  jjM  Noradrenaline 

2.37 

1 .31 

1.85 

1 .01 

1 .36 

0.99 

1.16 

0.87 

0.84 

0.66 

0.74 

0.69 

0.61 

0.61 

Hearts  A  &  B  2  jjM  Noradrenaline 

0.60 

0.93 

2.22 

1 .02 

1 .77 

0.97 

1 .39 

0.90 

1.13 

0.63 

0.89 

0.71 

0.75 

0.49 

0.68 

0.58 

Data  plotted  in  Fig.  12 
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TABLE  12 


Perfusion  with  Calcium  free  Krebs  +  2  mM  Na 
action  of  Noradrenaline 


EDTA  and  the  stimulating 


Perfusion 

%  Total 

%  Total 

Procedure 

cpm  released 

cpm  released 

A 

B 

n  =  4 

n  =  4 

Hearts  A  Normal  Krebs 

26.49 

24.31 

4.33 

8.23 

Hearts  B  Calcium  free  Krebs  + 

2.69 

4.52 

2  mM  Na.EDTA 

2.10 

3.20 

z 

1 .78 

2.74 

1.42 

2.27 

1.14 

2.28 

1.15 

2.01 

1 .06 

1.95 

0.74 

1 .95 

Hearts  A  &  B  1  yM  Noradrenaline 

1 .40 

2.05 

1 .98 

2.11 

1.70 

1 .89 

1 .30 

1.88 

0.98 

1  .71 

0.74 

1 .88 

0.63 

1 .76 

0.54 

1.58 

Hearts  A  &  B  2  jjM  Noradrenaline 

1  .34 

2.11 

1  .47 

1 .33 

1  .79 

1 .37 

1.19 

1 .35 

0.98 

1.15 

0.80 

1 .22 

0.69 

1 .09 

0.60 

0.86 

Data  plotted  in  Fig.  13 


85 


;  ‘ 


'  ■■ 

TABLE  13 


Strontium  substituted  Krebs  and  Noradrenaline  stimulation 


Perfusion 

%  Total 

%  Total 

Procedure 

cpm  released 

cpm  released 

A 

B 

n  =  2 

n  =  2 

Hearts  A  Calcium  free  Krebs 

51  .54 

41  .67 

7.69 

7.16 

Hearts  B  Strontium  (2.5  mM)  substituted 

4.39 

3.99 

Calcium  free  Krebs 

2.46 

2.48 

2.02 

3.62 

1.63 

1.90 

1.52 

1.61 

1.14 

1.31 

1.17 

1.24 

0.86 

1.13 

Hearts  A  &  B  1  jjM  Noradrenal 

ine 

1.08 

0.93 

0.94 

1.36 

1 .07 

1.59 

0.84 

1.01 

0.85 

0.88 

0.78 

0.84 

0.67 

0.77 

0.69 

0.81 

Hearts  A  &  B  2  jjM  Noradrenal 

1  ine 

0.77 

0.75 

1.13 

1 .59 

0.80 

1.49 

0.88 

0.83 

0.75 

0.67 

0.42 

0.64 

0.41 

0.62 

0.49 

0.54 

Data  plotted  in  Fig.  14 
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TABLE  14 


Perfusion  with  low  Sodium  Krebs 


Perfusion 

%  Total 

%  Total 

Procedure 

cpm  released 

cpm  released 

A 

B 

n  =  3 

n  =  1 

Hearts  A  &  B  Normal  Krebs 

25.57 

42.45 

6.09 

5.77 

3.75 

2.55 

2.37 

1 .76 

1.81 

1.23 

1 .48 

1.16 

1.04 

0.88 

0.92 

0.72 

0.76 

0.70 

0.63 

0.50 

Hearts  A  low  Sodium  Krebs 

0.50 

0.43 

0.50 

0.33 

Hearts  B  Normal  Krebs 

0.54 

0.23 

0.62 

0.25 

0.65 

0.27 

0.67 

0.29 

0.71 

0.34 

0.88 

0.38 

Hearts  A  &  B  Normal  Krebs 

0.85 

0.28 

0.56 

0.27 

0.47 

0.29 

0.38 

0.28 

0.54 

0.27 

0.56 

0.29 

0.42 

0.22 

0.49 

0.33 

Data  plotted  in  Fig.  15 
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TABLE  15 


Effect  of  Krebs  containing  80  mM  Magnesium 


Perfusion 

%  Total 

%  Total 

Procedure 

cpm  released 

cpm  released 

A 

B 

''t 

II 

c 

n  =  4 

Hearts  A  &  B  Normal  Krebs 

33.07 

30.72 

4.65 

6.53 

2.82 

2.90 

1.93 

2.01 

1.40 

1.53 

1.15 

1.10 

1 .03 

1.10 

0.85 

0.90 

0.73 

0.86 

0.62 

0.70 

Hearts  A  Krebs  containing  80  mM  Magnesium 

0.73 

0.72 

1.32 

0.67 

Hearts  B  Normal  Krebs 

1.23 

0.64 

1.02 

0.59 

1.13 

0.57 

1 .03 

0.53 

0.91 

0.60 

0.86 

0.55 

Hearts  A  &  B  Normal  Krebs 

0.81 

0.50 

0.59 

0.50 

0.54 

0.43 

0.69 

0.41 

0.70 

0.43 

0.73 

0.46 

0.71 

0.41 

0.73 

0.42 

Data  plotted  in  Fig.  16 
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TABLE  16 


Effects  of  Acetylcholine  Perfusion 


Perfusion 

%  Total 

%  Total 

Procedure 

cpm  released 

cpm  released 

A 

B 

n  =  2 

n  =  2 

Hearts  A  Normal  Krebs  + 

24.4 

16.8 

10  pg/ml  Atropine 

4.09 

5.23 

2.24 

3.11 

Hearts  B  Normal  Krebs 

1.59 

2.06 

1.58 

1 .44 

1 .47 

1 .31 

1 .38 

1.18 

1.09 

0.85 

.97 

0.83 

0.75 

0.83 

Hearts  A  &  B  50  |jg/ml  Acetylcholine 

0.74 

0.63 

0.57 

0.57 

0.77 

0.70 

0.63 

0.77 

0.66 

0.63 

0.57 

0.49 

0.50 

0.45 

0.43 

0.35 

Hearts  A  &  B  100jjg/ml  Acetylcholine 

0.34 

0.37 

0.36 

0.43 

0.46 

0.57 

0.39 

0.55 

0.30 

0.55 

0.36 

0.45 

0.43 

0.41 

0.43 

0.42 

Data  plotted  in  Fig.  17 
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